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Study of Hadronic Five-Body Decays of Charmed Mesons
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We study the decay of D+ and D+
s mesons into charged �ve body �nal states, and report the

discovery of the decay mode D+
! K+K��+�+��, as well as measurements of the decay modes

D+
! K��+�+�+��, D+

s ! K+K��+�+��, D+
s ! ��+�+�� and D+/D+

s ! �+�+�+����.
An analysis of the resonant substructure for D+

! K��+�+�+�� and D+
s ! K+K��+�+�� is

also included, with evidence suggesting that both decays proceed primarily through an a1 vector
resonance.

PACS numbers: 13.25.Ft, 14.40.Lb

The hadronic �ve-body decays of charmed mesons have
been studied in recent years [1{3], but limited statistics
have prevented accurate measurements of their resonant
substructure. Theoretical predictions are limited mainly
to two-body decay modes, and little is known about
how �ve-body �nal states are produced. Theoretical dis-
cussion suggests a \vector-dominance model," in which
heavy avor mesons decay into a two-body intermediate
state by emitting a W , which immediately hadronizes
into a charged vector, axial vector or pseudoscalar [4].
The charged vector meson then decays strongly to pro-

duce a many-body �nal state. Con�rmation of this model
could provide a mechanism for the production of �ve-
body �nal states.

The FOCUS Collaboration [5{7] has studied two
�ve-body modes, D+

! K��+�+�+�� and D+
s !

K+K��+�+��. We �nd evidence that in both modes
the resonant substructure is dominated by a two body
vector resonance involving the a1(1260)

+. We also
present improved inclusive measurements of the charged
�ve-body hadronic decays, including the �rst evidence of
the decay mode D+

! K+K��+�+��.
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Five-body D+ and D+
s
decays are reconstructed using

a candidate driven vertex algorithm [5] where produc-
tion and decay vertices are identi�ed. Events are selected
based on a number of criteria. The con�dence level of the
decay vertex is required to be greater than 1%. The con-
�dence level that a track from the decay vertex intersects
the production vertex is required to be less than 1%. The
likelihood for each particle to be a proton, kaon, pion
or electron based on �Cerenkov particle identi�cation is
used to make additional requirements [6]. For each kaon
we require the negative log likelihood kaon hypothesis,
WK = �2 ln(kaon likelihood), to be favored over the cor-
responding pion hypothesis W� by W� � WK > 3. In
addition, we require the pion hypothesis to be favored
over any alternative hypothesis. We also require the pro-
duction and decay vertices to be separated by at least
10 standard deviations. In order to reduce background
from secondary interactions from non-charm production
vertices, we require the D reconstructed momentum to
be greater than 25 GeV/c. Finally, we remove events
which are consistent with a D�+ decay.
We turn now to additional analysis cuts made in in-

dividual modes, beginning with D+
! K��+�+�+��.

Because this mode is the most abundant we apply only
the standard cuts used in all modes. Figure 1a shows the
K4� invariant mass plot. The distribution is �tted with
a Gaussian for the D+ signal (2923 � 78 events) and a
2nd degree polynomial for the background.
The D+/D+

s
! �+�+�+���� modes are more dif-

�cult to detect, due to the large combinatorial back-
ground. In order to reduce this background we require
a greater separation of the secondary vertex from the
target. We further impose a series of selection cuts to
remove misidenti�ed charm decays. We also remove the
decays D+/D+

s ! �0�+, �0! �+�+�����0 by requiring
the four pion reconstructed mass to be larger than the
�0 � �0 mass di�erence, such that M4� > 0:825 GeV/c2.
Figure 1b shows the �ve pion invariant mass plot for
events which satisfy these cuts. The distribution is �tted
with a Gaussian for the D+ signal (835� 49 events), an-
other Gaussian for the D+

s signal (671� 47 events) and
a 1st degree polynomial for the background.
For the D+

s
! K+K��+�+�� mode the requirement

of two kaons in the �nal state greatly reduces back-
ground, allowing us to apply only the standard cuts used
in all modes. Figure 1c shows theK+K��+�+�� invari-
ant mass plot for events satisfying these cuts. We �t to
a Gaussian (240� 30 events) and 2nd degree polynomial.
For theK+K��+�+�� �nal state we have also studied

the subresonant decay D+
s ! ��+�+��, by additionally

requiring the K+K� invariant mass combination be con-
sistent with the � mass. The ��+�+�� invariant mass
plot is shown in Figure 1e. We �t to a Gaussian (136�14
events) and 2nd degree polynomial.
The decay D+

! K+K��+�+�� is Cabibbo sup-
pressed. We require a signi�cance of vertex separation

FIG. 1: (a) K4� invariant mass distribution. (b) 5� invariant
mass distribution. (c) KK3� invariant mass distribution for
D+
s optimized cuts. (d) KK3� invariant mass distribution for

D+ optimized cuts. (e) �3� invariant mass distribution.

of 20 standard deviations, and tighten particle identi�ca-
tion cuts on both kaons toW��WK > 4, but remove any
requirement on the pions. Figure 1d shows the resulting
K+K��+�+�� invariant mass plot. This is the �rst ob-
servation of this mode. We �t with a Gaussian for the
D+ signal (38 � 8 events), another Gaussian for the Ds

events and a 1st degree polynomial for the background,
for a signi�cance of 4.75 �.

We measure the branching fraction of the D+
!

K��+�+�+�� mode relative to D+
! K��+�+, then

measure the branching fractions of the other D+ modes
relative to the D+

! K��+�+�+�� to reduce system-
atic e�ects due to di�erences in the number of decay
products. All D+

s decay modes are measured relative to
D+
s
! K+K��+. The normalizing decay modes are sub-

jected to the same vertex cuts and analogous �Cerenkov
identi�cation cuts as the mode in question in order to
minimize systematic errors. The detector and analysis
eÆciency is calculated using a Monte Carlo simulation.
For modes included in our resonant substructure analy-
sis the Monte Carlo contains the mixture of subresonant
decays determined by our analysis. We test for depen-
dency on cut selection by individually varying each cut.
The results, compared with existing measurements, are
shown in Table I.

We studied systematic e�ects due to uncertainties in
Monte Carlo simulation, �tting procedure, resonant sub-
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TABLE I: Branching ratios for �ve-body modes and compar-
ison to previous experiments. All branching ratios are inclu-
sive of subresonant modes.

Decay Mode FOCUS E687[3]
�(D+

!K��+�+�+��)

�(D+
!K��+�+)

0.058�0.002�0.006 0.077�0.008�0.010

�(D+
!�+�+�+����)

�(D+
!K��+�+�+��)

0.290�0.017�0.015 0.299�0.061�0.026

�(D+
s
!�+�+�+����)

�(D+
s
!K�K+�+)

0.145�0.011�0.011 0.158�0.042�0.031

�(D+
s
!K+K��+�+��)

�(D+
s
!K�K+�+)

0.150�0.019�0.028 0.188�0.036�0.040

�(D+
s
!��+�+��)

�(D+
s
!��+)

0.249�0.024�0.025 0.28�0.06�0.01

�(D+
!K+K��+�+��)

�(D+
!K��+�+�+��)

0.040�0.009�0.025

structure, Monte Carlo statistics and absolute tracking
eÆciency. To determine the systematic error we follow
a procedure based on the S-factor method used by the
Particle Data Group [8]. For each mode we split the
data sample into four independent subsamples based on
D momentum and period of time in which the data was
collected. We then de�ne the split sample variance as the
di�erence between the scaled variance and the statistical
variance if the former exceeds the latter. In addition we
evaluate the systematic e�ects based on di�erent �tting
procedures. The branching ratios are evaluated under
various �t conditions, and the variance is used as the sys-
tematic error, as all �t variants are a priori likely. We also
evaluate systematic e�ects associated with Monte Carlo
simulation of multi-body decays. The branching ratios
are evaluated with multiple conditions on the isolation of
the production vertex, with the variance used as the sys-
tematic error. We also evaluate systematic e�ects due to
uncertainty in resonant substructure by calculating the
branching ratios using various mixtures of subresonant
states for the Monte Carlo. The variance in the branch-
ing ratios for di�erent subresonant mixtures is used as
the systematic error, treating each subresonant mixture
as a priori likely. We also evaluate the systematic e�ect
from Monte Carlo statistics, adding in quadrature the
uncertainty in the calculated eÆciencies from both the
�ve-body mode and the normalizing mode. Finally we
evaluate systematic e�ects from uncertainty in absolute
tracking eÆciency of multi-body decays using studies of
D0
! K��+�+�� and D0

! K��+ decays. The sys-
tematic e�ects are then all added together in quadrature
to obtain the �nal systematic error.

In addition to reporting inclusive branching ratio mea-
surements, we have studied the resonance substructure
in two decays: D+

! K��+�+�+�� and D+
s
!

K+K��+�+��. We use an incoherent binned �t
method, also used in [3], a simpli�ed approach which
assumes the �nal state is an incoherent superposition of
subresonant decay modes containing vector resonances.
For the D+

! K��+�+�+�� mode we consider the
lowest mass (K��+) and (�+��) resonances, as well
as a nonresonant channel: K�0���+�+, K��0�+�+,
K�0�0�+, and (K��+�+�+��)NR. All states not ex-
plicitly considered are assumed to be included in the non-
resonant channel.

We determine the acceptance corrected yield into each
subresonant mode using a weighting technique whereby
each event is weighted by its kinematic values in three
submasses: (K��+), (�+��) and (�+�+). No resonance
in the (�+�+) submass exists, but we include it in order
to compute a meaningful �2 estimate of the �t. The
weights are obtained using separate Monte Carlo simula-
tions for the four decay modes. Eight kinematic bins are
constructed depending on whether each of the three sub-
masses falls within the expected resonance (In the case
of �+�+, the bin is split into high and low mass regions).
For each Monte Carlo simulation the bin population in
the eight bins is determined using a sideband subtracted
cut on theD+ peak, allowing a linear transformation ma-
trix to be calculated. The weights are then determined
from the transformation matrix by a �2 minimization
procedure. Each data event which satis�es our selection
cuts is then weighted according to its kinematic values
in the submass bins. Once the weighted distributions
for each of the four modes are generated, we determine
the acceptance corrected yield by �tting the distributions
with a Gaussian signal and a linear background. Using
Monte Carlo mixtures of the four subresonant modes we
veri�ed that our procedure was able to correctly recover
the generated mixtures of the four modes.

The results for K��+�+�+�� are summarized and
compared to the E687 results in Table II. Taking into ac-
count the correlation among the subresonant fractions,
the calculated �2 that the results are consistent is 6.53
(4 degrees of freedom). The four weighted histograms
with �ts are shown in Fig 2. Fig 2e is the weighted
distribution for the sum of all subresonant modes. The
goodness of �t is evaluated by calculating a �2 for the
hypothesis of consistency between the model predictions
and observed data yields in each of the 8 submass bins.
The calculated �2 is 7.41 (4 degrees of freedom), with
most of the error resulting from a poor Monte Carlo sim-
ulation of the �+�+ spectrum for the K�0�0�+ mode.
We assessed systematic errors by individually varying
the width of the submass bins corresponding to the �
and K�0 resonances by 20%. The systematic error is
then estimated as the variance of the two measurements
with varied widths, along with the original measurement,
treating each one as a priori likely. Since our methods of
calculating subresonant fractions and inclusive branch-
ing ratios are distinct, statistical and systematic errors
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FIG. 2: K��+�+�+�� weighted invariant mass for (a)

(K��+�+�+��)NR, (b) K�0�
��+�+, (c) K��0�+�+, (d)

K�0�0�+, (e) Inclusive sum of all 4 modes.

TABLE II: Fractions relative to the inclusive mode and com-
parison to previous measurements for the resonance substruc-
ture of the D+

! K��+�+�+�� decay mode. These values
are not corrected for unseen decay modes.

Subresonant Mode Fraction of K4� E687 Fraction [3]
(K��+�+�+��)NR 0.07�0.05�0.01 < 0:26(90%C.L.)

K�0���+�+ 0.21�0.04�0.06 0.42�0.14
K��0�+�+ 0.30�0.04�0.01 0.44�0.14

K�0�0�+ 0.40�0.03�0.06 0.20�0.09

are added in quadrature when normalizing our subreso-
nant fractions to other modes.

We follow a similar procedure for the D+
s
!

K+K��+�+��, treating the �nal state as an incoher-
ent superposition of the (K+K�) and (�+��) reso-
nances, as well as a nonresonant channel: ��+�+��,
K+K���+, ���+ and (K+K��+�+��)NR. Each event
is weighted by its value in each of three submasses:
(K+K�), (�+��) and (�+�+), and the weighted dis-
tributions are again �tted with a Gaussian signal and a
linear background. The results are summarized in Ta-
ble III and are presented in Fig 3. The goodness of �t is
evaluated by calculating a �2 for the hypothesis of consis-
tency between the model predictions and observed data
yields in each of the eight submass bins. The calculated
�2 is 10.2 (4 degrees of freedom), with most of the er-
ror resulting from a poor Monte Carlo simulation of the

FIG. 3: K+K��+�+�� weighted invariant mass for (a)
(K+K��+�+��)NR, (b) ����+�+, (c) K+K��0�+, (d)
��0�+, (e) Inclusive sum of all 4 modes.

TABLE III: Fractions relative to the inclusive mode for the
resonance substructure of the D+

s ! K+K��+�+�� decay
mode. These values are not corrected for unseen decay modes.

Subresonant Mode Fraction of 2K3�
(K+K��+�+��)NR 0.10�0.06�0.05

����+�+ 0.21�0.05�0.06
K+K��0�+ <0.03 (90% C.L.)

��0�+ 0.75�0.06�0.04

�+�+ spectrum in the nonresonant channel. We assess
systematic errors by calculating the variance of our re-
sults with 20% variations in the width of the submass
bins corresponding to the � and � resonances.

In both resonant substructure analyses the domi-
nant mode is of the form Vector-Vector-Pseudoscalar:
K�0�0�+ and ���+ in the case of K��+�+�+�� and
K+K��+�+��, respectively. Given the phase space
constraints for both of these decays, such a result is un-
expected. However, theoretical discussion of a Vector-
Dominance model for heavy avor decays [4] suggests
that charm decays are dominated by quasi-two-body de-
cays in which the W� immediately hadronizes into a
charged pseudoscalar, vector or axial vector meson. Thus
branching ratios of the form D ! a1(1260)

+X are of
comparable value to those observed for D! �+X , when
adjusted for phase space. Such theoretical discussion
raises the possibility that the resonant substructure for
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both modes is dominated by a quasi-two-body decay in-
volving the a1: K�0a+1 and �a+1 for K��+�+�+�� and
K+K��+�+��, respectively, where a+1 ! �0�+. Al-
though the a1 mass lies outside of phase space for both
decays, they are allowed due to its large width. However,
the large width of the a1 and its position in phase space
make the resonance diÆcult to detect directly.
To verify the subresonant decays are proceeding

through a1 we generate Monte Carlo simulations ofD+
!

K�0a+1 and D+
s ! �a+1 , assuming an a1 width of 400

MeV/c2, and use our subresonant analysis procedure ex-
plained above. In both cases the yield fractions in each of
the subresonant modes from the a1 Monte Carlo are sim-
ilar to the reported fractions from the data, with particu-
lar agreement in the case of D+

s ! �a+1 . Such agreement
suggests both channels may be dominated by a two-body
intermediate state involving the a1.
Accepting the hypothesis that �ve-body modes are

dominated by quasi-two-body decays, we calculate
branching ratios for the decays D+

! K�0a+1 and D+
s !

�a+1 using the ratios of the observed fractions of K�0��+

and ��� from data (40% and 75%) to the observed frac-
tions from Monte Carlo simulations of D+

! K�0a+1 and
D+
s
! �a+1 (70% and 78%). Assuming the a+1 decays to

�0�+ 50% of the time and using the Particle Data Group
� and K�0 branching fractions [8], the D+

! K�0a+1 and
D+
s
! �a+1 branching fractions, including unseen decays,

are shown in Table IV.

TABLE IV: Inclusive branching ratios for a+1 states

Decay Mode Fraction
�(D+

!K�0a
+

1
)

�(D+
!K��+�+)

0.099�0.008�0.018

�(D+
s
!�a

+

1
)

�(D+
s
!K+K��+)

0.559�0.078�0.044

In conclusion we have measured the relative branch-
ing ratios of �ve-body and three-body charged hadronic
decays of D+ and D+

s
and have presented the �rst ev-

idence of the decay mode D+
! K+K��+�+��. We

have also performed an analysis of the resonant substruc-
ture in the decays D+

! K��+�+�+�� and D+
s
!

K+K��+�+��. Our analysis provides some evidence
that both decays proceed through a quasi-two-body de-
cay involving the a1(1260)

+ particle.
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